SUMMARY Gene and genome duplications in the vertebrate lineage explain the complexity of extant gene families. Among these, the medium-chain alcohol dehydrogenase (ADH), which expanded by tandem duplications after the cephalochordate-vertebrate split, is a good model with which to analyze the evolution of gene function. Although the ancestral member of this family, ADH3, has been strictly conserved throughout animal evolution, its physiological role is still controversial. Previous evidence indicates that it contributes to formaldehyde cytoprotection, retinoic acid metabolism, and nitric oxide homeostasis. We performed in situ hybridization during Drosophila , ascidian ( Ciona intestinalis ), and zebrafish ( Danio rerio ) development. We showed that Adh3 expression was restricted to the fat body in Drosophila embryos at stage 17 and to the anterior endoderm in C . intestinalis tail bud, whereas in the zebrafish 2.5-day larvae the signal appeared widespread. A more comprehensive expression analysis including amphioxus and mice revealed that ancestral Adh3 was tissue specific, whereas a widespread expression was later attained in vertebrates. These variations occurred concomitantly with the expansion of the ADH family and the acquisition of new functions but were unlinked to the genomic changes that led to the transition from fractional to global methylation in vertebrates. Our data challenge the housekeeping role of ADH3 and question its involvement in the prevertebrate retinoic acid pathway.
INTRODUCTION
Gene duplication, long recognized as a crucial mechanism for the creation of new functions, has produced the extant gene family organization and provided the genetic groundwork on which to build complex organisms. One of these families is the medium-chain alcohol dehydrogenase (MDRAdh ), which expanded by tandem duplications during early vertebrate evolution (Cañestro et al. 2002) . The new forms generated novel metabolic capacities and contributed with signaling pathways to vertebrate innovations. At least seven classes (ADH1-7) have been identified in vertebrates, whereas a single MDR-Adh member, with glutathionedependent formaldehyde dehydrogenase activity, has been described in invertebrates. Although this ancestor invertebrate gene is pro-orthologous to all the vertebrate forms and should be named Adh1/2/3/4/5/6/7 , it will be quoted as Adh3 to reflect its biochemical activity (Cañestro et al. 2000) . Tissuespecific expression has been reported in the digestive system of all vertebrate ADH classes, except for ADH3, which was found in essentially all tissues of the mammalian species tested (reviewed in Edenberg 2000) . Moreover, class 3 activity has been preserved throughout animal evolution, from protostomes (i.e., cephalopods and insects) to deuterostomes (i.e., cephalochordates, agnathes, fishes, reptiles, and mammals), which is consistent with a basic role in metazoan metabolism. In contrast, the newly generated ADH (classes ADH1, 2, 4, 5, 6, and 7) acquired novel specificities toward ethanol, retinol, and different steroids, although an unequivocal ascription to their physiological function has been impaired by overlaps of substrate recognition.
Classically, ADH3 has been considered a housekeeping enzyme that has a significant role in cytoprotection through formaldehyde metabolism (Uotila and Koivusalo 1989) , which is in agreement with its ancient origin and ubiquitous expression in mammals (Ang et al. 1996) . However, our data on Adh3 tissue specificity, which was restricted to the midhindgut of larvae in the chordate amphioxus (Cañestro et al. 2000) , challenged this function. Moreover, the recent involvement of ADH3 in nitric oxide (NO) homeostasis and retinoic acid (RA) synthesis has placed this enzyme in the middle of two fast-moving and prominent fields. Based on its high specificity toward S-nitrosoglutathione (GSNO) (Jensen et al. 1998 ), ADH3 could be involved in the control of the intracellular levels of GSNO and S-nitrosylated proteins (Liu et al. 2001 ) and so would be essential for signal transduction, host defense, and nitrosative stress. In addition, the analysis of knockout mice has suggested that ADH3 contributes to RA synthesis (Molotkov et al. 2002) , a role previously ascribed to ADH1 and ADH4 forms. Overall, these findings highlight ADH3 function and prompt the comparative analysis of its expression domains.
Here we studied this function through whole-mount in situ hybridizations during the development of Ciona intestinalis , Danio rerio , and Drosophila melanogaster , strategically positioned organisms from an evolutionary viewpoint. The comparison of our results with those described for amphioxus and mice revealed that the tissue-specific expression of invertebrate Adh3 reflects the ancestral pattern, the widespread distribution being a vertebrate innovation. Overall, the expression data on ADH3 is compatible with NO regulation but difficult to reconcile with either RA synthesis or a housekeeping role, at least in lower chordates.
MATERIALS AND METHODS

Whole-mount in situ hybridizations
Whole-mount in situ hybridization was performed following standard protocols (Jiang et al. 1991; Schulte-Merker et al. 1992; Corbo et al. 1997) . Sense and antisense digoxigenin-labeled probes (following the suppliers instructions; DIG RNA Labeling kit, Boehringer-Mannheim, Germany) of the distinct species were obtained from Adh3 fragments cloned into Sma I KS-pBluescript (Stratagene U.S.A.). The probes were as follows: (a) a 528-bp fragment of exon 3 of D. melanogaster Adh3 (amino acids 92-268) (Luque et al. 1994) , (b) a 652-bp cDNA fragment encompassing exons 4 to 9 of the C. intestinalis Adh3 (amino acids 100-316) (Cañestro et al. 2002) , and (c) the first 452 bp of a zebrafish expressed sequence tag (EST) (GenBank AI331882) homologous to Adh3 , RT-PCR amplified with oligonucleotides PZIII-1S 5 Ј -GATCAAATGTAAGGCA GC-3 Ј and PZIII-1R 5 Ј -GATCT CAGCCACCACGGT-3 Ј .
Methylation status
Total genomic DNA was isolated from adult C. intestinalis and D. rerio specimens using the guanidine isothiocyanate method (Chirgwin et al. 1979) . Ascidian viscera and tunica were removed before DNA purification. For methylation studies, 5-10 g genomic DNA from each species were digested with Hpa II and Msp I, resolved in 0.9% agarose gels, transferred to nylon membranes, and hybridized under high stringency conditions (Cañestro et al. 2000) with the following probes: exon 3 (528 bp) of Drosophila Adh3 , a 122-bp fragment of the exon 9 of C. intestinalis Adh3 , an Eco RI genomic segment (345 bp) containing exon 8 of B. floridae Adh3 , the first 452 bp of D. rerio Adh3 EST (GenBank AI331882), and the full human cDNA Adh3 as probe for the murine samples.
RESULTS
Adh3 expression of D. melanogaster , C. intestinalis , and D. rerio Whole-mount in situ hybridization was performed to analyze Adh3 expression during the development of D. melanogaster. A uniform strong hybridization signal was observed in the fertilized Drosophila egg (stage 1; Fig. 1A ), which became restricted to the blastoderm cell layer when cellular compartmentalization progressed (stage 5; Fig. 1B ). During gastrulation, the intensity of the staining decreased and was mainly localized in the germ-band, some of the transitory furrows (i.e., cephalic furrow), and in the amnioproctodeal invagination, a pocket formed by the posterior midgut rudiment (stage 9; Fig. 1C ). The germ-band retained the signal during elongation and segmentation, whereas the amnioserosa remained free of staining (stage 13; Fig. 1D ). Finally, after gastrulation, when the cell layers split into organ primordia, Adh3 expression once again became more intense and was restricted to the fat body ( Fig. 1, E 
and F).
Adh3 expression in C. intestinalis was already detected during the first divisions of the fertilized eggs, and no apparent differences were observed among the blastomeres ( Fig.  2A) . Remarkably, the signal localized mainly near the division plane (arrowheads, Fig. 2A ) as described for other maternally expressed genes (Nishikata et al. 2001) . Along gastrulation and neurulation, staining was restricted to the endoderm, mostly in the anterior region of the tail bud, whereas the endodermal strand displayed a faint signal (Fig. 2, B-D) . Finally, during tail bud elongation and the tadpole stage, Adh3 expression disappeared from the endodermal strand and was located exclusively in the anterior endoderm, which will form the gastric cavity after metamorphosis (Fig. 2, E 
Adh3 expression in D. rerio was strongly detected from the earliest stages analyzed and was uniformly distributed over the whole blastodisc during blastula (Fig. 3A) and gastrula stages. During segmentation, the expression pattern was ubiquitous (Fig. 3B) , although in later stages (19-somite stage) differences in the intensity were observed, being stronger in the head and the posterior trunk (Fig. 3C) . During the pharyngula period, the developing central nervous system exhibited a marked expression during its morphogenesis and segmentation (Fig 3D) . Therefore, although the expression of Adh3 in zebrafish was widespread, it was not homogeneous, and several hallmarks of spatiotemporal specific regulation were observed: (a) variations of expression were exhibited by the forming somites, being stronger in the most caudal mesoderm (Fig. 3E) ; (b) some tissues appeared to be free of signal (i.e., notochord, epidermis, and caudal fin; Fig. 3 , F-J); (c) the central nervous system from the forebrain to the most anterior part of the spinal cord also showed a remarkable expression (Fig. 3G) ; (d) in the region where the gut and the pronephric duct were to 18-h pharyngula, (E) detail of the tail in an 18-h pharyngula, (F) 24-h pharyngula, (G) detail of the head in a 48-h pharyngula, (H) detail of the tail in a 48-h pharyngula, detail of the head (I) and tail (J) in a 2.5-day larva. C, cerebellum; CF, caudal fin; CNC, cranial neural crest; D, diencephalon; E, epidermis; G, gut; M, mesencephalon; Me, mesoderm; N, notochord; PD, pronephric duct; PF, pectoral fin; SC, spinal cord; T, telencephalon; TB, tail bud; YE, yolk extension.
form, no signal was observed until these tissues were differentiated (compare Fig. 3H and 3J) ; and (e) Adh3 expression was activated in particular tissues, where a high rate of proliferation and subsequent differentiation was presumably taking place (i.e., most posterior mesodermal cells of the tail bud and in two paired groups of cells, which are probably the precursors of the pectoral fin and the cranial neural crest; Fig. 3, I and J).
Methylation pattern
To establish whether there were differences in the methylation status of the Adh3 genes, the Southern patterns of amphioxus, ascidian, zebrafish, mouse, and Drosophila Adh3 were compared after digestion with the methylation-sensitive enzyme Hpa II and the methylation-insensitive isoschizomer Msp I. Except for Drosophila , the banding pattern of the Msp I and Hpa II digested genomic DNA clearly differed (Fig. 4) . The probes hybridized to the fully methylated sequences of the Hpa II unrestricted high molecular weight fraction DNA, indicating that the 5 Ј and 3 Ј flanking regions were methylated. These data show that the chordate Adh3 loci are found in the methylated fraction of the genome.
DISCUSSION
Adh3 expression pattern through animal evolution
The comparative in situ hybridization analysis of the Adh3 homologues in the urochordate C. intestinalis and the cephalochordate B. floridae (Cañestro et al. 2000) together with the vertebrates M. musculus (Ang et al. 1996) and D. Rerio allows the study of the evolution of the Adh3 expression through the chordate phylum. Moreover, D. melanogaster provides a protostome pattern to widen the comparative analysis.
The ADH gene family expanded by tandem duplications about 500 million years ago. The duplicated members retain the exon-intron structure and cluster in the human genome at 4q21-25 and in the syntenic region of mouse chromosome 3 displaying a (class 3(class2(class1-class4))) topology (Cañestro et al. 2002) . Often, duplicated copies exhibit similar expression profiles, which results from their common history or from sharing regulatory elements in the cluster. Clearly, this does not apply to Adh3 (Fig. 5) . In fact, our data reveal that invertebrate Adh3 (amphioxus, ascidian, and Drosophila ) displays a tissue-specific expression, which is mainly restricted to the digestive system, and reflects the ancestral pattern, whereas vertebrate Adh3 expression became extended to almost the whole organism after the duplication process. On the other hand, the remarkable structural conservation of ADH3, as shown by its low evolutionary rate (0.27 ϫ 10 Ϫ 9 /site/yr) and the maintenance of the kinetic features, argues in favor that the biochemical activity has been retained (Cañestro et al. 2002) .
It is worth noting that the Adh family has not followed the standard process of subfunctionalization of regulatory regions (Force et al. 1999) , whereby the daughter copies show a more restricted expression than the ancestral gene. Conversely, the ancestral pattern has been retained in most duplicated members that, on its turn, have incorporated new substrate specificities: Mammalian Adh4 and Adh1 are highly expressed in the stomach (Moreno and Parés 1991; Moreno et al. 1996) and in the liver and gut (Smith et al. 1971 ), respectively (Fig. 5) . Although the evolution of the regulatory regions of these genes is still an open question, it is worth mentioning that in silico characterization of the Adh3 promoters of Drosophila , ascidians, and amphioxus have predicted several binding regions for cis -acting transcription factors. Among them, the C/EBP and AEF-1 sites are of special interest, because they form a conserved regulatory unit responsible for the tissue-specific gene expression of the 2) , ascidian (lanes 3 and 4), amphioxus (lanes 5 and 6), zebrafish (lanes 7 and 8), and mouse (lanes 9 and 10) Adh3 genomic region. Genomic DNA was digested with Msp I (odd lanes) or Hpa II (even lanes), resolved in agarose gels, and hybridized with the Adh3 homologous probes, except for mouse DNA hybridized with H. sapiens Adh3. Fig. 5 . Evolution of the biochemical properties and the expression domains of the MDR-ADH family. Cylinders represent the ancestral ADH3 activity (dark gray) and the new enzymatic capacities (light gray) that emerged after the family expansion (black solid circle). The expression patterns (specific or widespread) are depicted over the ADH phylogenetic tree. Mouse Adh1, Adh3, and Adh4 expression are from Ang et al. (1996) .
Drosophila fat body ethanol-active short-chain alcohol dehydrogenase and the ethanol/retinol MDR-Adh1 in mammalian liver (Abel et al. 1992; Falb and Maniatis 1992; Potter et al. 1994) . It is tempting to speculate that this control unit could also drive the specific pattern of invertebrate Adh3 genes. In conclusion, the ADH family provides a good example of neofunctionalization after gene duplication because it combines new expression domains for the member bearing the ancestral activity and the increase of the amino acid substitution rate for the novel forms (Cañestro et al. 2002) . Moreover, few amino acid substitutions could be responsible for the different classes (Estonius et al. 1994; Hedberg et al. 1998) .
A classic view of genome organization links DNA methylation to gene regulation, where genes with a housekeeping role, which are poorly regulated and with basal expression, are not methylated. Moreover, the transition from fractionally to globally methylated genomes occurred during chordate evolution close to the origin of vertebrates (Tweedie et al. 1997) . However, according to our data, the methylation status of the Adh3 members has not changed along chordate evolution, and hence it can be discarded as the major cause for the variation observed in the expression pattern.
Functional inferences of Adh3 expression patterns
Involvement of ADH3 in RA synthesis and NO homeostasis (Liu et al. 2001; Molotkov et al. 2002) has recently challenged the housekeeping role of this enzyme, essential for the elimination of formaldehyde (Uotila and Koivusalo 1989) . Our data on Adh3 expression in amphioxus (Cañestro et al. 2000) , ascidians, and Drosophila further question this cellular role. Even in zebrafish, which showed widespread expression, Adh3 was certainly not ubiquitous as there were some tissues free of signal, others in which Adh3 appeared at a particular developmental stage, gradients in expression signal along the anterior-posterior axis, and, finally, expression in groups of cells (precursors of the pectoral fin and the cranial neural crest) that could be related to areas of proliferation and/or differentiation. Moreover, up to a 30-fold difference in ADH3 activity has been described among distinct mammalian tissues (Uotila and Koivusalo 1997) .
The S-nitrosuglutathione (GSNO) reductase activity of ADH3 (Jensen et al. 1998 ) and the fact that yeast and mice knockouts accumulate S-nitrosylated proteins (Liu et al. 2001 ) strongly suggest that this enzyme participates in cellular nitrosative and oxidative stress. Moreover, NO is necessary and sufficient for egg activation at fertilization in sea urchins (Kuo et al. 2000) . It is also required to recover from environmental insults during development (Sutovsky and Schatten 1997) , and many NO-regulated genes are involved in cell proliferation and cell cycle control (reviewed in . In this regard, the maternal origin of Adh3 mRNA in Drosophila (this work) and zebrafish (Dasmahapatra et al. 2001 ) and the Adh3-positive proliferating mesodermal cells in the latter are consistent with these relevant roles during early developmental stages. However, it is not easy to foresee a direct relationship between ADH3 activity and NO metabolism in the digestive system, because NO generates a diffusible signal with pleotropic effects. Nevertheless, the NO antimicrobial activity (DeGroote and Fang 1999) and the observation that NO is generated by fish liver (Cox et al. 2001 and references therein) could support the contribution of ADH3 to NO/SNO homeostasis in the digestive tissues.
Finally, the contribution of Adh3 to RA metabolism has been supported on its ubiquitous expression in vertebrates, because the tissue-specific pattern of ADH1 and ADH4 does not fully agree with the tissues where retinal synthesis is required for RA production (Molotkov et al. 2002) . However, the argument based on ADH3 ubiquity cannot be extended to urochordates and cephalochordates, whose Adh3 expression pattern appears mainly restricted to the digestive system, as yet unknown to be related to RA production during development. Whether the interrelation between NO and RA, because NO inhibits RA receptors and RA inhibits NO synthase, supports the Adh3-knockout mouse phenotype under vitamin A deficiency awaits more experimental data. To this end, the reduced gene redundancy and the relative simplicity of prochordate body plan make these organisms a good model to perform this analysis.
